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Abstract 
Microchannel heat sinks are widely used in dissipation of large amounts of heat from a small area. In this study, a three-dimensional 
numerical simulation is performed in order to investigate the flow dynamics and heat transfer characteristics in a microchannel 
heat sink. A unit cell containing a single microchannel of a width of 231 μm and a depth of 713 μm with surrounding solid is used 
for simulation. Water at 15 °C is used as the cooling liquid with Reynolds number ranging from 225 to 1450 and a constant heat 
flux is applied at the bottom of the heat sink. A commercial CFD code employing finite element method is used for the numerical 
simulation. Mesh independence test is performed for the accuracy of results. The pressure drop in the microchannel obtained from 
the simulation agrees well with experimental results. The highest temperature is found at the bottom of the heat sink immediately 
below the channel outlet and the lowest is at the channel inlet. The heat flux is high near the channel inlet due to thin thermal 
boundary layer in the developing region and varies around the channel periphery with lower values at the corners. These findings 
demonstrate that the conventional Navier–Stokes and energy equations can adequately predict the fluid flow and heat transfer 
characteristics of microchannel heat sinks. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Department of Mechanical Engineering, Bangladesh University of 
Engineering and Technology (BUET). 
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1. Introduction
Microchannel heat sinks constitute an innovative cooling technology for the removal of a large amount of heat 
from a small area. The heat sink is usually made from a high thermal conductivity solid such as silicon or copper with 
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the microchannels fabricated into its surface by either precision machining or micro-fabrication technology. These 
microchannels have characteristic dimensions ranging from 10 to 1000 μm, and serve as flow passages for the cooling 
liquid. Microchannel heat sinks combine the attributes of very high surface area to volume ratio, large convective heat 
transfer coefficient, small mass and volume, and small coolant inventory. These attributes render these heat sinks very 
suitable for cooling such devices as high-performance microprocessors, laser diode arrays, radars, and high-energy-
laser mirrors [1]. 
Nomenclature 
H height of unit cell  Nu Nusselt number 
Hch height of channel  q heat flux 
Hw1 thickness of cover plate Re Reynolds number  
Hw2 thickness from unit cell bottom wall to channel T temperature 
bottom wall W width of unit cell 
L length of unit cell  Wch width of channel 
Ww thickness between the sink wall and channel 
wall 
x, y, z Cartesian coordinates 
The pioneering concept of microchannel heat sink was first introduced by Tuckerman and Pease [2]. They used 
microchannels that had a width of 50 μm and a depth of 302 μm. They showed that high heat rates of 790 W/cm2
could be removed by silicon microchannel heat sinks using water as the cooling fluid through the microchannel.  
Since the pioneering study of Tuckerman and Pease, many research work has been done in the last decades. Harms 
et al. [3] experimented with a silicon heat sink having 251 μm wide and 1030 μm deep microchannels. A relatively 
low Reynolds number of 1500 caused transition from laminar to turbulent flow. This was attributed to a sharp inlet, 
relatively long entrance region, and channel surface roughness. Qu and Mudawar [4] conducted three-dimensional 
numerical analysis on a rectangular microchannel heat sink similar to that proposed by Kawano et al. [5]. They 
considered the hydrodynamic and thermal developing flow along the channel and found that the Reynolds number 
would influence the length of the developing flow region. It was also found that the highest temperature is typically 
encountered at the heated base of the heat sink immediately below the channel outlet and the temperature rise along 
the flow direction in the solid and fluid regions can both be approximated as linear. Qu and Mudawar [1] also 
performed both experimental and numerical investigations for determining the pressure drop and heat transfer 
characteristics in a copper microchannel heat sink. The heat sink had rectangular microchannels of a width of 231 μm 
and a height of 713 μm. Deionized water was employed as the cooling fluid. Single phase and laminar flow was 
considered. Two constant heat flux levels of 100 W/cm2 and 200 W/cm2 were defined at the bottom of the heat sink.
Good agreement was found between the experimental results and numerical predictions. The results showed higher 
heat flux and Nusselt number values near the channel inlet, which was attributed to the developing thin thermal 
boundary layer. Lee and Mudawar [6] experimented using water-based nanofluids containing small concentrations of 
Al2O3. It was observed that the presence of nanoparticles enhances the single-phase heat transfer coefficient, especially 
for laminar flow. Higher heat transfer coefficients were achieved mostly in the entrance region of microchannels. 
However, the enhancement was weaker in the fully developed region. 
Effective and optimal design of microchannel heat sinks requires a fundamental understanding of the flow 
dynamics and heat transfer characteristics with a detailed and sophisticated prediction of the temperature distribution. 
A more accurate prediction can be obtained by numerical simulation of three-dimensional fluid flow and heat transfer 
in both the solid and cooling fluid. 
In this study, the flow dynamics and heat transfer characteristics of a single-phase microchannel heat sink are 
investigated numerically. The physical model for the numerical analysis is made using the microchannel heat sink 
used in the experimental studies of Qu & Mudawar [1]. Based on the numerical results, a detailed description of the 
heat transfer characteristics, i.e. temperature and heat flux, is given, and the effects of Reynolds number on the heat 
transfer process are discussed. 
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2. Numerical analysis
A commercial CFD code, Autodesk® Simulation CFD 2013 is used for numerical analysis. As mentioned earlier,
the microchannel heat sink employed to perform the numerical analysis is similar to that used in the experimental 
work of Qu and Mudawar [1]. 
2.1. Geometrical description 
The heat sink used by Qu and Mudawar [1] contains 21 microchannels and is made from copper. Polycarbonate 
plastic is used as the cover plate at the top of the sink. Water is used as the cooling fluid. Taking advantage of symmetry 
of the heat sink used by Qu and Mudawar [1], a unit cell consisting of only one microchannel and the surrounding 
solid is chosen as the computational domain for numerical simulation. Fig. 1 shows the unit cell, the corresponding
coordinate system, and some important notations. A and C designates the bottom wall and top wall of the unit cell 
respectively while a, b, and c designates the bottom wall, side wall, and top wall of the microchannel respectively. 
Dimensions of the heat sink unit cell are given in Table 1. 
2.2. Governing equations 
Consider a three dimensional flow of water through the microchannel of the heat sink unit cell shown in Fig. 1 and 
a constant heat flux being applied at the bottom (wall A) of the unit cell with adiabatic conditions at the other 
boundaries except the top (wall C) of the unit cell where natural convection assumed.  
The following assumptions are made for the numerical simulation of fluid flow and heat transfer in the unit cell: 
x Steady state fluid flow and heat transfer;
x Laminar flow;
x Incompressible fluid;
x Negligible radiation heat transfer;
x Constant solid and fluid properties.
Based on these assumptions, the governing differential equations for fluid flow and heat transfer in the unit cell are 
solved by Autodesk® Simulation CFD. For the liquid region, the governing equations are continuity equation, Navier-
Stokes or momentum equations, and energy equation. For solid region, the only governing equation is the energy 
equation.  
2.3. Boundary conditions 
During the numerical analysis, five different flow rates at the inlet to the channel are considered corresponding to 
the Reynolds numbers 225, 550, 888, 1175, and 1450 respectively. At the channel inlet, the water temperature is 
considered constant at 15 °C. At the bottom of the unit cell, a constant wall heat flux of 100 W/cm2 is applied. At the 
top of the unit cell, convective heat transfer coefficient is estimated at 10 W/ °C m2 and ambient temperature is 
assumed to be 19.85 °C. The properties of the solid and fluid are assigned the default values in Autodesk® Simulation 
CFD. 
2.4. Meshing and solving 
As mentioned earlier, the commercial CFD code, Autodesk® Simulation CFD 2013 is used for the numerical 
simulation. Unstructured mesh is used for meshing the physical model. Autodesk® Simulation CFD employs finite 
element method for discretizing the governing partial differential equations together with the boundary conditions. 
The result is a set of algebraic equations at discrete points or nodes on every element of the computational domain. 
The resulting set of algebraic equations is solved to determine the values of the dependent variables at the nodes on 
the finite elements. Autodesk® Simulation CFD uses segregated algorithm along with iterative matrix solver for 
solving the equations iteratively until convergence is reached.    
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2.5. Validation of numerical result 
In order to check the variation of the simulation results with the number of nodes, the model is tested with mesh 
settings employing different number of nodes. In this way, results from six different mesh settings with gradually 
increasing number of nodes were compared. The results from the last two mesh settings were very close to each other 
and local temperature differences were less than 0.03%. To reduce the computational time, of the last two settings, 
the mesh setting employing less number of nodes was used for the final simulation. This test proved that the results 
presented in this paper are mesh-independent. 
The numerical results are also validated by comparing them with the available experimental results. The 
experimental results of pressure drop from Qu and Mudawar [1] are used for the comparison. This comparison is 
shown in Fig. 2. 
(a) (b)
Fig. 1. (a) Unit cell of microchannel heat sink; (b) Front view of the unit cell.
Table 1. Dimensions of microchannel heat sink unit cell.
Hw1 (μm) Hw2 (μm) Hch (μm) H (μm) Ww (μm) Wch (μm) W (μm) L (μm)
12700 5637 713 19050 118 231 467 44764
3. Result and discussion
The results from the numerical analysis are presented in this section. The flow through the microchannel is first
explored through the analysis of pressure drop and velocity profiles. Then the heat transfer characteristics of the 
microchannel heat sink are explored through the analysis of the variation of temperature and heat flux. 
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3.1. Flow analysis 
As shown in Fig. 2, the pressure drop in the microchannel increases with 
the increase in Reynolds number and the variation can be approximated as 
linear while the experimental pressure drop is not linear. This is due to the 
fact that actually viscosity is dependent on temperature, while for the 
current analysis viscosity is considered to be constant. Moreover, the 
experimental result accounts for pressure drop along the microchannel as 
well as the pressure drop due to contraction and expansion effects at the 
microchannel inlet and outlet respectively. But the current numerical 
prediction does not include the pressure drop due to these effects. Fig. 2 
clearly depicts that, for lower Reynolds numbers, the pressure drop due to 
these effects is small and so the difference between the experimental and 
numerical results is small. However, for higher Reynolds numbers (Re > 1000), the pressure drop due to these effects 
is significant and for this reason, the difference between the experimental and numerical results increases with 
increasing Reynolds number. Again, the pressure drop along the channel for Re=888 is shown in Fig. 3. The pressure 
drop along the channel can be approximated as linear. This is also due to the assumption of constant viscosity. 
As mentioned before, the flow of water through the microchannel is analysed for five different Reynolds numbers. 
For Re=888, the velocity profile at the channel inlet, in the developing region and at the channel outlet is shown in 
Fig. 4(a), 4(b), and 4(c) respectively. At the channel inlet, a constant flow rate is assigned which is obvious from the 
velocity profile in Fig. 4(a). The velocity profile in Fig. 4(c) resembles a parabolic shape which indicates a fully 
developed flow at channel outlet. 
3.2. Heat transfer characteristics 
The variation of average temperature along channel bottom wall, 
channel top wall, channel side wall, unit cell bottom wall, unit cell top 
wall, and fluid bulk temperature is shown in Fig. 5. It is seen that the 
maximum temperature is encountered at the unit cell bottom wall 
immediately below the channel outlet. Again, the rise of the bulk 
temperature of fluid along the channel is shown in Fig. 6 for three 
Reynolds numbers 225, 888, and 1450. It is seen that with the increase 
in Reynolds number, fluid leaves the channel with lower temperatures. 
So, it is obvious that with higher Reynolds numbers, better cooling 
performance can be obtained. However, as shown before in Fig. 2, with 
increase in Reynolds number, pressure drop also increases. The local heat flux distribution for channel bottom wall 
is shown in Fig. 7. It is seen that the heat flux is higher near the channel inlet and varies around the channel periphery 
Fig. 2. Comparison between experimental results 
and current numerical results.
Fig. 3. Pressure drop along the microchannel for 
Re=888.
Fig. 4(b). Velocity profile in the developing 
region (x=1mm) for Re=888.
Fig. 4(a). Velocity profile at inlet (x=0, 
z=5993.5 μm) for Re=888.
Fig. 4(c). Velocity profile at outlet (x=44.764 
mm, z=5993.5 μm) for Re=888.
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approaching zero at the corners. The higher heat flux near the 
channel inlet is attributed to the developing thin boundary layer. 
However, the lower heat flux at the corners is due to the weak flow 
at the corners of the rectangular microchannel. The average heat 
flux along the channel bottom wall and channel side wall is shown 
in Fig. 8. The heat flux at channel side wall is higher than the 
channel bottom wall, which is due to the short distance between 
the side walls and the large temperature gradient present.
4. Conclusions
The flow dynamics and heat transfer characteristics of a 
microchannel heat sink were investigated numerically. The key 
findings from the study are as follows: 
x Pressure drop increases with increase in Reynolds number and
pressure drop along the channel is linear with the assumption
of constant viscosity.
x Maximum temperature in the heat sink is encountered at the
bottom of the sink immediately below the channel outlet.
Temperature of the heat sink can be reduced by increasing the
flow rate of coolant.
x The heat flux and Nusselt number is much higher near the
channel inlet and varies around the channel periphery
approaching zero at the corners of rectangular microchannel.
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